The report deals with liquid-liquid distribution systems, in which one phase is aqueous, and the distribution of the component can be influenced in many cases with chemical reactions. The formulas and equations are given, by which the actual distribution ratio of the analyte at given conditions and concentrations can be predicted. The conditional extraction constants, which are essential for the prediction, can be calculated from the real extraction constants and side reaction functions involving the competing chemical reactions, and their equilibrium constants. The kinetic aspects of the distribution process, the current analytical techniques, the analytical methods involving liquid-liquid distribution, the fields of applications of liquid-liquid extraction are briefly introduced. A classification scheme of the extraction systems used in analytical chemistry is proposed in which the basic reaction equations are given, from which the extraction constant, the distribution ratio of the analyte can be formulated, and using the formulas, and the necessary equilibrium constant values, the attainable extent of extraction (fraction extracted) can be estimated.
INTRODUCTION
Liquid-liquid extraction procedures used in analytical chemistry are controlled by distribution processes of the components between two liquid phases.
This report deals with systems of analytical interest in which -The concentration of the component of interest distributed between the liquid phases is low; -One liquid phase is aqueous. This phase favours ionization processes, and shows preference for ionic compounds in contrast to the other, less polar, organic phase; -The distribution of the component in most cases can be influenced by chemical reactions (by protonation, complex or adduct formation, etc.); -No distinction is made, whether a solvent with solvating properties (with donor or acceptor group content) or an inert solvent is used, the solvent always being in large excess compared to the distributed species. (Thus, the effect of coordination by solvent molecules is included in the extraction constant.)
DESCRIPTION OF DISTRIBUTION EQUILIBRIA
According to fundamental phy sico-chemical considerations the distribution of a component between two immiscible solvents in equilibrium is completely defined by the partition constant at given temperature and pressure. The partition constant is a ratio of the activities of the component in the two liquid phases. If the concentration of the component is low (< 10" mol 1-l) in both phases and the composition of the liquids is not changed (i.e. in the aqueous solution the ionic strength is constant), the partition ratio (distribution constant) in terms of concentrations maybe used in place of the partition constant, and accepted as practically constant. In analytical systems one liquid is generally aqueous, and the other a less polar, organic one, having a low solubility in water. By convention the concentration in the aqueous phase is written as the denominator in the equation (1).
KO@, is the partition ratio of component
The organic solvents may be classified into two main groups: solvating solvents, able to arrange their molecules around the extracted species (e.g. methyl isobutyl ketone, benzene) and inert solvents (e.g. hexane) .
From a practical analytical point of view important characteristics of the solvent are as follows: vapour pressure, boiling point, density, viscosity, surface tension and wave length range of light absorption. Furthermore, aspects swh as costs and toxicity should be considered.
In many cases the component to be extracted takes part in chemical reactions either in the aqueous phase or in both phases. Generally the species produced in the reactions are preferred to different extents by the organic, less polar solvent. In these cases the distribution of the analyte between the two phases is influenced by the chemical composition of the system. In such systems equation (1) is valid for the distributed species, but does not reflect the ratio of the total analytical concentration of the analyte in each phase, which from an analytical point of view is essential.
Therefore another ratio is defined:
DA is the distribution ratio of component A; CA,org and CA,aq are total analytical concentrations of the component A (in all its species) in the two phases, respectively. The distribution ratio is equal to the partition ratio at low concentrations if chemical reactions, other than solvatation, do not occur. In these cases the distribution ratio can be influenced not only by the nature of the organic solvent, but also by the ionic strength of the aqueous phase or by temperature (e.g. extraction of iodine with carbon tetrachloride from an acidic aqueous solution).
In cases, in which chemical reactions take place, the distribution ratio may differ from the partition ratio by several orders of magnitude and is characteristic for component A only for a system of given chemical composition and given conditions (T, p and 2). By proper selection of the system, and by appropriate adjustment of the chemical composition of the system, the distribution ratio can, within a certain range, be changed at will.
From a practical point of view the extraction process is usually described by a chemical reaction taking place in the two phase system. This formulation is particularly advantageous, when the component present in the aqueous phase is only extractable (soluble) in the organic phase in the form of a compound formed by a chemical reaction. The extractable species is usually neutral. This is the case if traces of metal ion are to be extracted in the form of complexes.
COMMISSION ON GENERAL ASPECTS OF ANALYTICAL CHEMISTRY
Thus, extraction of metal ions with a chelate forming agent is represented as:
where M2+ is the divalent metal ion in the aqueous solution, and HL the chelate forming agent in its protonated form dissolved in the organic solvent; the bars refer to the organic phase. An example is the extraction of calcium ions using 8-hydroxyquinoline into chloroform solution [ 11.
An extraction of metal ions in the form of a ternary complex can be presented as:
where N and L-are the neutral and negatively charged ligands placed in the aqueous analyte solution.
An example is the extraction of copper(I1) in the form of dithiocyanato-dipyridine-copper(I1) by chloroform [2].
The extraction of metal ions using a liquid ion exchanger is presented as:
The reacting acid is normally present in the solvent phase in dimeric form.
An example is the extraction of calcium ions with a solution of bis(2-ethylhexy1)hydrogen phosphate (HR) in toluene [ 3 ] .
The corresponding equilibrium constants of the formal reactions above, taking place between the two phases, so-called extraction constants, are as follows:
For equation (4):
For equation (5):
The distribution ratios from eqns. (6), (7) and (8) resp. are expressed as follows:
If the reacting species and/or the products of the reactions are involved in side reactions (hydrolysis of the aquocomplex metal ions, distribution of the reagent between the two phases, prononation of the ligands, etc.) a conditional extraction constant, X,,, can be introduced, which corresponds to the actual conditions. For equation (6) the corresponding conditional constant is as follows:
GWL2,) and 'Ym are the side reaction coefficients of the species M h and HL in the organic phase, and aM the side reaction coefficient of the metal ion M in the aqueous phase. Similar equations maybe derived also for equation (7) and (8).
If the concentrations of the ions and the complex forming compounds taking part in the side reactions, and also the equilibrium constants of the side reactions (competing with the main reaction) are known, the a values can be evaluated. If the extraction constants are known, the conditional extraction constants and also the actual, conditional distribution ratio of the metal ion (or acid etc.) can be calculated and the extraction procedure optimised [4-51. In the organic phase the usual side reaction is the partial distribution of the complex forming agent (HL) between the two phases depending on the pH of the aqueous solution. In the case of 8-hydroxyquinoline this is as follows:
Kl and K2 are the protonation constants of the ligand, KDm, the partition ratio of the species HL, and r is the phase volume ratio (see later).
COMMISSION ON GENERAL ASPECTS OF ANALYTICAL CHEMISTRY
For the metal complex species existing in the organic phase, the aggregation or association reactions of the species may cause side reaction effects, but they do so only in few cases. E.g. association of the metal complex species with the unreacted complex forming species may occur in 1:l ratio for liquid cation extraction systems. In this case the &value is given by where K , is the equilibrium constant of the association reaction.
Extraction constants are therefore considered to be useful terms, which are independent of metal ion concentration within certain limits. They have been tabulated for various solvent pairs and various extraction systems [4-91.
KINETIC ASPECTS
In extraction procedures the time to reach equilibrium is controlled by mass transport processes and/or by the rate of chemical reactions. Mass transfer depends on the diffusion rate, on the area and nature of the interface between the two phases and can be accelerated by agitation. When chelate formation is involved in the extraction process, and the reaction takes place between species, originally present in the two separate phases, the rate of the extraction process can be slow. Similarly the rate of the extraction process is unfavourably influenced, if the competing side reactions are slow, and complex displacement reactions are involved [lo] . For example, at the extraction of copper(I1) by diethyl dithiocarbamate in carbon tetrachloride, the extraction time to attain equilibrium is remarkably longer if ethylenediaminetetraacetate is present in the aqueous solution [ 111.
For cases in which the extraction process is accelerated by agitation, it is important that after agitation and equilibration the separation of the two phases should take place quickly. To exclude undesirable foam formation, the surface tension between the two phases must be kept as low as possible. A large difference in density and low viscosity are also preferable.
CHEMICAL ANALYTICAL METHODS BASED ON LIQUID-LIQUID DISTRIBUTION
The most widely used method based on liquid-liquid distribution is the liquid-liquid extraction method, which serves for separation and/or for preconcentration of components of different types (metals, non-metal compounds, etc.) . To carry out a separation the basic procedure is as follows: An aliquot of the aqueous solution of the analyte is placed in a separating funnel and a certain volume of organic solvent and/or reagent solution is added to it. The chemical composition of the system must be adjusted to previously determined condition and the two liquid phases are shaken until the equilibrium between the two phases is established. The phases are then separated, and the analyte, now in the organic phase (and free from other components left in the aqueous phase) may be determined. For quantitative transfer of the component from the aqueous phase into the organic one, the fraction extracted, expressed in term of percentage, must generally be greater than 99,9%. For practical reasons n should not be too large (3 or 5 is reasonable). QA is the amount of the extracted component A in the organic phase at equilibrium; QA" is the total amount of the component originally present in the aqueous phase. DA is the distribution ratio of component A.
If two components are to be quantitatively separated, and they are present in equal amounts the fraction extracted (recovery factor) for one component must be greater than 99,9% but for the other, less than 0, 1 % , Hence if the ratio of the volumes in the extraction systems is 1 , and only one extraction step is made, the distribution ratio for quantitative extraction of component A must be The ratio of the two values measured under the same conditions is the separation factor, am and is characteristic for the selectivity of the separation.
For a quantitative separation the value of this factor should be:
Sometimes the component extracted into the organic phase is back extracted (stripped) into an another aqueous solution after the separation of the two original phases. The back extraction (stripping) can be realised by ad'usting the composition of the aqueous layer in such a way, that the distribution ratio may decompose in the organic phase).
should be S 10-3 . (e.g. on back extraction with an acid aqueous solution neutral complex molecules
Continuous and automatised versions of the extraction process are used in the current instrumental techniques. These are e.g. the reflux/condense type systems and the simple but very popular flowing techniques in which the two phases are moving together in a mixing coil and thereafter separated in a vertical column with overflow.
In countercurrent multistage extraction the liquid-liquid extraction process is one step of the procedure. By this technique the separation of components having slightly different distribution ratios can be carried out for preparative purposes [12] .
The aqueous sample solution containing the components to be separated is placed in the first extraction unit of the equipment and extracted. The extract (i.e. the solvent phase portion) is transferred to the next unit which contains only the pure aqueous phase. At the same time a new portion of extractant is given to the first unit. In this way the solvent phase moves stepwise along the units while the aqueous phase portions remain in their original positions.
When the phase volume ratio r= 1, the general expression for &,,k,, the fraction of a component in unit k after n operations, is:
The maximum value offis found in the unit kmU, which is given by the integer lying between:
(n+l)D and
In the limit of very large n, k , ,
COMMISSION ON GENERAL ASPECTS OF ANALYTICAL CHEMISTRY
If the distribution ratios of the components are different, the desired separation can be achieved with some suitable value of n.
Note: The development of (24) from (22) relies on the use of Stirling's approximation; for small values of n (e.g., n(10) it is preferable to use (22) in calculating the distribution.
In liquid partition chromatoeraphy and also in extraction chromatography [ 131 the liquid-liquid distribution is the governing factor for the retention of the components. The migration rate of the analyte depends on the distribution ratio between the stationary and the mobile phase, which is characteristic for the components at given conditions.
In the two phase titration procedures either the titrant or the analyte is distributed between two immiscible phases. E.g. in iodometric titrations carried out in aqueous solutions the visible end point detection can be improved by addition of carbon tetrachloride.
Two phase buffer systems, in which the buffer components are distributed between two immiscible phases, can be advantageously used, because the pH of the maximum buffer capacity can be adjusted at will by the phase ratio, or by choosing an appropriate organic solvent [14].
In the Substoichiometric methods used in activation analysis the liquid-liquid extraction is the essential step of the procedure [15]. By these methods metal traces can be determined with high accuracy and selectivity.
In the functioning of certain ion selective electrodes with liquid membranes the liquid-liquid distribution plays an important role. E.g. The calcium sensitive electrode containing dioctyl phenyl phosphate dissolved in a non polar solvent responds to calcium ions in the presence of alkalimetal ions [16].
FIELDS OF APPLICATION
-Extraction of non electrolyte molecules. Extraction of gases (Xe, Rd, etc.), elemental halogens (Br2, 12) and elemental sulfur etc. by organic solvents.
-Extraction of inorganic salts, as extractable ion-pairs -Extraction of inorganic acids -Extraction of metal ions using various complex forming agents (simple ions, chelate forming agents, ion-pair forming reagents, and neutral ligands)
-Extraction of non-metal ions, like fluoride, chloride in the forms of ion-pairs. 
